This paper proposes a modified boundary condition to improve the room-acoustic prediction accuracy of a diffusion equation model. Previous boundary conditions for the diffusion equation model have certain limitations which restrict its application to a certain number of room types. The boundary condition employing the Sabine absorption coefficient ͓V. Valeau et al., J. Acoust. Soc. Am. 119, 1504-1513 ͑2006͔͒ cannot predict the sound field well when the absorption coefficient is high, while the boundary condition employing the Eyring absorption coefficient ͓Y. Jing and N. Xiang, J. Acoust. Soc. Am. 121, 3284-3287 ͑2007͒; A. Billon et al., Appl. Acoust. 69, ͑2008͔͒ has a singularity whenever any surface material has an absorption coefficient of 1.0. The modified boundary condition is derived based on an analogy between sound propagation and light propagation. Simulated and experimental data are compared to verify the modified boundary condition in terms of room-acoustic parameter prediction. The results of this comparison suggest that the modified boundary condition is valid for a range of absorption coefficient values and successfully eliminates the singularity problem.
I. INTRODUCTION
Room-acoustic predictions have been actively researched in the area of architectural acoustics for decades. A diffusion equation-based method has recently drawn attention in this field, partially due to its ability to combine accuracy and efficiency. The purpose of this work is to present a modified boundary condition for diffusion equation-based room-acoustics prediction.
In 1969, Ollendorff 1 first proposed the diffusion model to describe sound fields in enclosures. Later, based on an analogy between sound propagation in rooms with diffusely reflecting walls and particle propagation in a diffusing fluid, 2 
Picaut
3 and his co-workers 4-8 demonstrated this diffusion model and extended its application to a variety of enclosure types, including elongated enclosures such as street canyons, single-volume enclosures, fitted rooms, and coupled-volume rooms. For room-acoustics modeling, Valeau et al. 5 provide a generalization of the diffusion model that includes two boundary conditions. These studies [3] [4] [5] [6] [7] [8] have shown that the diffusion model is computationally efficient compared to the geometrical-acoustics model. The diffusion model also provides more satisfactory results than does statistical roomacoustics theory since it is capable of modeling the nonuniformity of sound fields in enclosures of a wide variety of shapes. However, the diffusion model has been found to be suitable only for use with low absorption coefficients. [5] [6] [7] Most recently, another boundary condition exploiting the Eyring absorption coefficient was proposed independently by Jing and Xiang 9 and Billon et al., 10 and was shown to be able to improve the accuracy of the diffusion model when the absorption coefficient of room surfaces is high. The use of the Eyring absorption coefficient is also justified theoretically in this paper.
In this paper, a modified boundary condition is derived from a boundary condition used in solving analogous optical diffusion problems. 11 Incorporating the modified boundary condition in the room-acoustic diffusion equation, this work compares the diffusion models associated with various boundary conditions with a geometrical-acoustic model as well as experimental results obtained from a physical scale model. Predicted reverberation times ͑RTs͒ and sound pressure levels ͑SPLs͒ are calculated for cubic rooms with both uniformly and nonuniformly distributed absorbing surfaces. For a flat, long room, the geometrical-acoustics model is used for the comparison of the SPL distribution. Acoustical measurements are conducted in a scale-model flat room to validate the modified boundary condition in terms of the predicted SPLs and the RTs. This paper is structured as follows: Sec. II presents the diffusion equation model for room-acoustic prediction including the interior equation and different boundary conditions. Section III discusses simulation results obtained using the diffusion equation model with different boundary conditions, as well as those obtained using the geometricalacoustic model. Section IV describes the scale model experiments, and compares the acoustical measurement results with the diffusion equation model for various boundary conditions. Section V concludes the paper. 
II. DIFFUSION EQUATION MODEL FOR ROOM-ACOUSTIC PREDICITION

A. Interior diffusion equation
This section begins with a review of the analogy drawn by Picaut et al. 3 between sound propagation in rooms with diffusely reflecting boundaries and gas particle propagation in a diffusing fluid. The motion of a sound particle 12 in a room is equivalent to the movement of a particle in a gas, assuming that there are numerous spherical scattering objects 2 in the volume having scattering cross section Q s and absorption cross section Q a . Furthermore, in order to respect the same surface distribution between the enclosure and the diffusing fluid, the scattering objects should have mean free path length 4V / S, ͑for volume V and interior surface area S of the enclosure under investigation͒, which is consistent with classical room-acoustic theory when the walls are considered diffusely reflecting. The scattering objects take the place of the walls and reflect the sound diffusely in the volume. In this case, the sound energy flow vector J caused by the gradient of the sound energy density w, in the room under investigation at position r and time t, can be expressed according to Fick's law as 2, 3 J͑r,t͒ = − D grad w͑r,t͒, ͑1͒
where c is the speed of sound and =4V / S is the mean free path of the enclosure under investigation. Here we assume that the rate of change involved in diffusion is slow and the walls are diffusely reflecting. The sound energy density w, in a region ͑domain V͒ excluding sound sources, changes per unit time as ‫ץ‬w͑r,t͒ ‫ץ‬t = − div J͑r,t͒ = Dٌ 2 w͑r,t͒. ͑3͒
In the case of a spatially distributed omni-directional sound source within a region with time-dependent energy density q͑r , t͒ Eq. ͑3͒ is replaced by ‫ץ‬w͑r,t͒ ‫ץ‬t = q͑r,t͒ + Dٌ 2 w͑r,t͒, ͑4͒
while absorption at the room boundaries leads to energy loss per unit volume ͑w͒ in the absence of sound sources, so the energy balance can be written as ‫ץ‬w͑r,t͒ ‫ץ‬t = Dٌ 2 w͑r,t͒ − w͑r,t͒ = Dٌ 2 w͑r,t͒ − Q a n t cw͑r,t͒, ͑5͒ where = ␣ c / = Q a n t c, with ␣ being the mean room-surface absorption coefficient according to Ref. 3 . The validity of Eq. ͑5͒ will be discussed in Sec. II B.
Taking into account both absorption of room boundaries and sound source excitations in the room under investigation, the combination of Eqs. ͑4͒ and ͑5͒ yields the diffusion equation ‫ץ‬w͑r,t͒ ‫ץ‬t − Dٌ 2 w͑r,t͒ + w͑r,t͒ = q͑r,t͒ in V. ͑6͒
It is also possible to include air absorption inside the enclosure using the diffusion equation 13 ‫ץ‬w͑r,t͒ ‫ץ‬t − Dٌ 2 w͑r,t͒ + w͑r,t͒ + mcw͑r,t͒
where m is the coefficient of air absorption. All absorption coefficients are frequency dependent, so the frequency dependence of sound energy density of enclosures may be included in the diffusion equation model. 5 For simplicity, however, the following discussion will not consider the air absorption.
B. Boundary conditions
Previous boundary conditions
In an enclosure bounded by surfaces ͑denoted by S͒, the boundary condition
states that sound energy cannot escape from the room boundaries, with n denoting the surface outgoing normal. Equation ͑8͒ is the so-called homogeneous Neumann boundary condition. 2, 5 The diffusion equation model with the homogenous Neumann boundary condition considers only an overall mean absorption coefficient ␣ of the enclosure under investigation. Furthermore, it assumes that the absorption occurs in the volume rather than on the room surfaces, which is nonphysical for the current application. Therefore, this boundary condition, mentioned here for completeness, will not be considered in the following investigations.
The boundary condition 2, 5 J͑r,t͒ · n = − Dw͑r,t͒ · n = A X cw͑r,t͒, on S, ͑9͒ allows energy exchanges on the boundaries S, where A X is an exchange coefficient denoted in the following as the absorption factor. This boundary condition is established to include the absorption at the walls: The local differential equation in Eq. ͑6͒ then needs to be modified to remove the absorption term w͑r , t͒ ͑the following boundary conditions all require that the absorption term in the interior equation drop out͒, while the term must be introduced into Eq. ͑9͒ to account for energy exchanges on the boundaries. 5 Assuming the sound energy density is uniform in a proportionate room while supposing that the energy density only varies along the long dimension in a disproportionate room ͓5͔, the absorption factor can be expressed as
where ␣ is the absorption coefficient of the wall under consideration. The subscript S of A S is used to denote Sabine absorption. Equation ͑10͒ implies the Sabine absorption is assigned to the absorption factor A X . The resulting system of equations is formulated as
which describe the diffusion equation model ͓Eq. ͑11͔͒ with mixed boundary conditions ͓Eq. ͑12͔͒ for more general situations. The absorption factor A X assumes different expressions with different subscript X as elaborated in the following. It will then be possible to assign different absorption coefficients to each of the individual walls. The diffusion equation model with this boundary condition is, however, found to be accurate only for modeling rooms with low absorption. [5] [6] [7] To improve the accuracy of the mixed boundary condition associated with high absorption, a new boundary condition was conceived independently by these authors 9 and Billon et al. 10 It simply replaces the Sabine absorption coefficient in the absorption factor by the Eyring absorption coefficient
to account for high wall absorption in the system of equations in Eqs. ͑11͒ and ͑12͒.
A justification of the replacement of Eyring absorption coefficient is detailed here. Under the assumption that there are scattering objects in the enclosure, the number dN of phonons absorbed by the scattering objects, between the points x and x + dx along the path of the beam, should be equal to the product of N, the number of phonons penetrating to depth x, n t , the number of scattering objects per unit volume and the absorption cross section Q a
where the negative sign indicates the reduction of the phonon due to absorption. Then, a simple integral over ͑the mean free path length͒ gives
where NЈ is the number of phonons after penetrating to depth . In room acoustics, the phonon number is reduced after each wall collision according to the absorption coefficient of the wall, which leads to
where ␣ is the mean room-surface absorption coefficient. The combination of Eq. ͑15͒ and Eq. ͑16͒ yields ͑see also
A substituting of Eq. ͑17͒ into Eq. ͑5͒ yields a diffusion equation which is similar to Eq. ͑5͒, but with =−ln͑1 − ␣ ͒c / . Finally, the Eyring absorption coefficient is applied to each boundary by using an exchange coefficient, 5,9 which gives the boundary condition, i.e., Eq. ͑12͒ along with Eq. ͑13͒.
Accordingly, the diffusion equation model with the Sabine coefficient in the absorption factor ͑A X = A S ͒ is denoted diffusion-Sabine model in the following while the model which utilizes the one with the Eyring coefficient ͑A X = A E ͒ is denoted diffusion-Eyring model. 10 Although the simulation results suggest that the diffusion-Eyring model can improve the accuracy of the diffusion-Sabine model to a certain extent, particularly for cases of high absorption, 9,10 application of this model requires caution as the absorption coefficient ␣ → 1.0. As discussed in the following, the absorption factor A E will become singular ͑infinite͒ in this case, which is problematic.
Modified boundary condition
This section presents a modified boundary condition with theoretical justification. The derivation of this boundary condition relies heavily on a well established boundary for light diffusion in media. 11 The modified boundary condition remedies weaknesses in the original diffusion-Sabine model under high absorption and eliminates the singularity of the diffusion-Eyring model. In the following, the diffusion equation model with the modified boundary condition is denoted modified diffusion model.
The statement of Picaut et al., 3 which introduces the diffusion interior equation, describes an infinite scattering medium. 5 To bound the scattering medium, the boundary, on the one hand, absorbs a portion of the sound energy at a given absorption coefficient on the corresponding wall. On the other hand, since the boundary is not considered as the wall but artificially imposed to bound the energy, it can be considered to be completely smooth and to reflect specularly the other portion of the sound energy to prevent this portion from leaving the volume. Similar to the previous boundary conditions, different absorption coefficients could be assigned to individual boundaries.
Based on a similar boundary condition in light diffusion, the derivation of the modified boundary condition is presented. Emphasis is given to differences from optical diffusion, and to an explicit formulation of the acoustic boundary condition.
A partial-current boundary condition 11 in light diffusion describes the scenario in which a portion of the energy will be specularly reflected back into the scattering medium when the refractive indices of the strongly scattering medium differ substantially from those of the bounding transparent medium, while the other portion will be refracted and leave the scattering medium.
This boundary condition can be expressed using an optical term fluence rate in unit W m −2 . 11 Because sound intensity has the same unit, in the following room-acoustic discussion, notation represents sound intensity. The relationship between the sound intensity and the sound energy density can be expressed as, 15 ͑r,t͒ = cnЈw͑r,t͒, ͑18͒
where nЈ is the direction of energy propagation. Furthermore, the boundary condition is written as
where
with DЈ = / 3 being one third of the mean free path length in the medium. Figure 1a schematically illustrates the boundary condition. R͑͒ is the probability of the light being reflected, also so-called Fresnel reflection coefficient which is a function of the angle of incidence , 11 n is the outward-drawn normal to the boundary. J is the energy flow as explained earlier ͓see Sec. II A͔.
The same boundary condition may also be applied to room acoustics since the room-acoustic diffusion equation is essentially the same as the light diffusion equation, and the specular reflection is also desired for the modified acoustic boundary condition proposed in this paper. However, some significant differences should be noted: ͑1͒ In the light diffusion boundary condition, the light refracts at the boundary, while in room-acoustics boundary condition, the sound energy is usually considered to be absorbed at the boundary. Nevertheless, since the focus in the current application is on the energy inside the volume, this work disregards the way of sound transmissions beyond the boundary. ͑2͒ In room acoustics, the reflectivity R which represents the probability that the sound will be reflected ͑energy-based reflectivity͒ can be expressed using the absorption coefficient as 1 − ␣, so that it is completely independent of incident angle. ͑Figure 1b illustrates this concept.͒ Thus,
A substitution of Eqs. ͑18͒ and ͑22͒-͑24͒ into ͑19͒ yields
where D = c / 3, leading to the modified boundary condition
A comparison of the boundary conditions of the diffusion-Sabine and diffusion-Eyring models reveals that the only difference between them is the absorption factor associated with absorption coefficient ␣,
In order to enable a direct comparison of these boundary conditions, Fig. 2 illustrates the three absorption factors in Eqs. ͑10͒, ͑13͒, and ͑27͒ when varying the absorption coefficient. When the absorption coefficient is lower than 0.2, the difference between the absorption factors A S , A E , A M is negligible. With increasing absorption coefficient but below 0.6, the difference between absorption term A E and A M is still negligible, while the absorption term A S differs quite significantly from the other two. As the absorption coefficient increases further, the discrepancy between A E and A M is considerable, warranting in-depth investigation. This behavior is easily explained by the Taylor expansion of the three absorption factors
Note that the Eyring and modified absorption factors share their first two terms, and the Sabine absorption factor is the first order approximation of both of these. ͑That Sabine absorption coefficient is the first order approximation of the Eyring absorption coefficient is already well known in room acoustics.͒ In addition, as the value of the absorption coefficient approaches one, A E differs substantially from A M : A E increases unbounded while A M maintains a finite value of 0.5. While the Eyring reverberation time equation 16 accounts reasonably well for the resulting infinitely short reverberation time, the Eyring-absorption factor A E in the diffusion equation becomes singular. This is the failing point of the diffusion-Eyring model, which limits its applicability in often-encountered situations where walls, portions of walls, or opening in them have an absorption coefficient of 1.0.
III. SIMULATIONS
In this section, three diffusion equation models ͑the diffusion equation with each of the three different boundary conditions͒ are compared to the geometrical-acoustic method implemented by a commercial software ͑CATT acoustics ® ͒ for three types of rooms: cubic rooms with both uniform and nonuniform absorption distribution, and a flat, long room, in terms of the RTs and SPLs. The diffusion equation models are solved by a commercially available finite element solver. The size of the mesh elements is chosen to be on the order of or smaller than one mean free path 4V / S of the room. 5 The time step is chosen as 0.01 s for every case involving timedependent calculations.
Equations ͑11͒ and ͑12͒ are solved for the initial condition
where V s is the volume occupied by the sound source. 5 With a time-dependent solution w͑r , t͒, the sound energy-time function can be expressed as 15, 17 L p ͑r,t͒ = 10 log ͩ 
A. Cubic rooms with uniformly distributed absorption coefficients
A cubic room with dimensions 5 m* 5 m* 5 m is modeled. The source is in the center of the room at coordinate ͑0, 0, 0͒ m. The absorption coefficient is assigned uniformly to all room surfaces and ranges from 0.1 to 0.9. The RTs are obtained at the position ͑1, 0, 0͒ by three diffusion equation models, and by the geometrical-acoustic model. The number of rays and the ray truncation time in CATT acoustics ® are chosen as 5 ϫ 10 4 and 2000 ms, respectively, where the latter is much longer than the expected RT. The scattering coefficients on the walls are set at 100%, being compatible with the implicit requirement of the diffusion equation model, which is the configuration used throughout all simulations. Figure 3 illustrates the difference, in terms of predicted RTs, between the results from the geometrical-acoustic model and those obtained via the other methods. Both the diffusion-Eyring and the modified diffusion model improve the simulation accuracy with respect to the diffusion-Sabine model, especially when the absorption coefficient is high. In addition, the diffusion-Eyring and modified diffusion models only show noticeable difference when the absorption coefficient exceeds approximately 0.6.
B. Cubic rooms with nonuniformly distributed absorption coefficients
The interior surfaces of another cubic room with the same dimensions are assigned two different absorption coefficients. One of the walls ͑x = −2.5 m͒ is given an absorption coefficient of 1.0 while the other walls are assigned an absorption coefficient 0.5. The source is still in the center of the room at ͑0,0,0͒ m while the receivers are distributed along x = −2.5 m to x = 2.5 m, ͑y = z =1 m͒. The number of rays is When using CATT acoustics to obtain the correct late decay, the randomized tail-corrected cone-tracing method needs to extrapolate the reflection density growth ͑assuming it is quadratic͒ and is not accurate in an open room. Therefore, this work compares the predicted RTs by giving only the results of three diffusion equation models. In this case, three diffusion equation models have the following RTs at position ͑1 m, 1 m, 1 m͒: ͑diffusion-Sabine͒ 0.22 s, ͑diffusion-Eyring͒ 0.14 s, ͑modified diffusion͒ 0.19 s. Without any benchmark for comparison, no further conclusion is given at this time. However, an experiment involving open spaces is planned to provide the means for comparison and verification.
C. Flat and long room
In this example, the three diffusion equation models are compared to the geometrical-acoustics model for a flat, and long room with dimensions 30 m *8 m* 3 m. The source is located at ͑2,4,2͒ m, and the sound power level W s is 100 dB. One side wall is assigned absorption coefficient 0.8, while the other five walls share absorption coefficient 0.2. Figure 5͑a͒ illustrates a top view of this room. Figure 5͑b͒ illustrates the SPL distribution along the line y =4 m ͑x is from 0 to 30 m͒ at height z = 1.5 m. In CATT acoustics ® software the number of rays and the ray truncation time are chosen as 5 ϫ 10 4 and 2000 ms, respectively. Overall, the diffusion-Eyring model and the modified diffusion model agree better with the geometrical-acoustics model, although several points near the end of the room appear to be closer to the diffusion-Sabine model results.
IV. EXPERIMENTAL VERIFICATION
This section describes acoustical measurements in a scale-model flat room to verify the diffusion equation model and further compare different boundary conditions for roomacoustic prediction in terms of SPL distributions and RTs. For a flat room, the sound energy density is known to be nonuniform. Statistical room-acoustic theory is unable to handle spatial distributions in highly irregular room shapes. This is the reason such a room was chosen for the experimental verification.
A. Experimental setup
Physical scale modeling is a versatile research tool which has recently been applied in a variety of acoustic investigations. [18] [19] [20] [21] [22] In this study, a 1:8 scale model is used throughout the entire experiment sheet of 5 / 4 in. plywood in thickness are used as wall materials to construct the room model. Diffusers on the walls are quadratic-residue diffusers ͑QRDs͒ and rocks, providing strong scattering at high frequency. In addition, such QRDs are known to be able to provide fairly good scattering for a wide range of frequencies. The QRDs are randomly distributed throughout the sidewalls ͑1.6 m high in full scale͒ of the scale model. The scattering frequency of the rocks will be discussed in the next section. In reality, diffuse reflections from the walls can be obtained even without such extensive treatment. 23 Two sidewalls near the sound source are of highly absorptive foam. Figure 6 shows a photograph of the scale model. A 1/ 4 in. omni-directional microphone is used in the measurements. A miniature dodecahedron loudspeaker system is used as the sound source as shown in the left corner of Fig. 6 . Measurements of directivities indicate that the dodecahedron loudspeaker system is omni directional in the frequency range of interest up to 32 kHz. Maximal-length sequence signals are used as an excitation signal. Room impulse responses are measured at chosen locations and the measurement procedure is controlled by a trigger mechanism throughout the entire measurement session to avoid any additional uncertainties across measurements. For frequencydependent room-acoustic analysis the measured room impulse responses are filtered in octave bands. Figure 7 illustrates a segment of one of the room impulse responses, the corresponding energy-time function, and the Schroeder decay function at 1 kHz octave band.
The absorption coefficients of the materials are measured separately. Two proportionate scale-model rooms of which one is made of the rock-lined panels and the other is made of highly absorptive foam, are constructed and measured. The absorption coefficients of the rock panels and of the foam are estimated from the RTs by inverting the Eyring equation. To estimate the absorption coefficient of the QRD, all the foam in the scale model was first replaced by QRDs. Next, impulse responses are taken to obtain the RTs, and the absorption coefficient of the QRD is iteratively adjusted to match predictions of RTs to experimental results. 21 Of the measured coefficients, that of the QRD is the primary uncertainty. However, the room-acoustic parameters in this case are determined primarily by the absorption coefficient of the rock panels simply because their areas are much greater than those of the QRDs or the foam in the scale model. Note that the scale model testing in this study is not to model a specific existing room, but rather for validation purpose, so no extra measures, such as nitrogen or drying air, are conducted for correcting air absorption in the scale model. However, all of the absorption coefficients of the scale-model wall materials are estimated from measurements made under normal atmospheric conditions. The excess air absorption is considered to be included in the estimated absorption coefficients of the wall materials. Table I lists the estimated absorption coefficients.
B. Experimental verification of the diffusion equation model
The previous section compared the simulation results of three diffusion equation models with the geometricalacoustic model. This section will compare experimental results from the scale-model flat room with the predictions of the diffusion equation model with the modified boundary condition.
Since the dimensions of the rocks are around 3 -4 cm, they diffusely reflect the sound between 8.5 and 11.5 kHz, which lies mostly within 1 kHz octave band ͑and partially in 2 kHz octave band͒ given the chosen scale factor 1:8. Therefore, the room boundaries meet the inherent requirement of the diffusion equation model best in the 1 kHz octave band, while they qualify only partially in the 2 kHz octave band. Therefore, this section will discuss only the results obtained in these two octave bands. The measurements are conducted at 16 receiving points along a line near the source. Figure 8͑a͒ illustrates a top view of the scale model. Figure 8͑b͒ and Fig. 9͑a͒ illustrate the SPLs measured in the scale-model flat room for 1 and 2 kHz octave bands, respectively. The SPLs are relative values which are referenced to the value predicted in simulation at x = 6.4 m ͑full scale͒, where all the diffusion equation models give the maximum value.
At 1 kHz, the diffusion-Eyring model and the modified diffusion model agree with the experimental results very well. The maximum deviation ͑2 dB͒ occurs near the foam, probably due to the fact that the foam is less diffusely reflecting. At 2 kHz, as shown in Fig. 9͑a͒ , although the diffusion-Sabine model shows better results for several points at the beginning, overall the diffusion-Eyring model and the modified diffusion model are closer to the experimental results. The worse agreement in comparison with those at 1 kHz should be expected, probably due to the lower degree of scattering of the rocks in this octave band.
At both 1 and 2 kHz, the original diffusion-Sabine model overestimates the RTs, while the diffusion-Eyring model and the modified diffusion model well predict the RTs as shown in Fig. 8͑c͒ and Fig. 9͑b͒ . Moreover, the three diffusion equation models all predict the "drop" trend of the RT as the receiver location approaches the highly absorptive foam covered wall. The reason for this trend might be that the highly absorptive foam draws the energy much faster than the QRDs do. Note that the RTs predicted by the three diffusion equation models are not changed linearly along the almost linearly increasing x-axis distance. Some pronounced dips are found at different places for different diffusion equation models, while the experimental results also show several dips. For example, in does the modified diffusion model for RT prediction. However, it is hard to conclude that in this specific case, the diffusion-Eyring model is more accurate at this moment, because of the uncertainty of the input parameter of the three diffusion equation models, 21 including absorption coefficients, directivities of the microphone and the loudspeaker, etc. Nevertheless, in extending this model to an uncovered room, the diffusion-Eyring model is expected to be problematic due to the singularity mentioned above. Such measurements should be done in the near future for further validations.
In the 250 and 500 Hz octave bands, the agreement between the predicted results and the experimental results in terms of SPLs and RTs drops markedly, due to the decreased diffuse reflections of the walls. It remains for future work to scrutinize the validity of each diffusion equation model with regard to different degrees of diffusion on the walls.
V. CONCLUSION
This work introduces extensions of the diffusion equation model recently applied in room-acoustic predictions by proposing a modified boundary condition. A direct comparison of this modified boundary condition with two previous boundary conditions: diffusion-Sabine and diffusion-Eyring boundary conditions, suggests that these three boundary conditions behave similarly in low absorption region while a considerable discrepancy will be seen in high absorption region. Particularly, there exists a singularity within the diffusion-Eyring model when the absorption coefficient becomes 1.0. The diffusion equation model using the modified boundary condition overcomes the singularity problem. To further compare them, a geometrical-acoustic model is employed as a reference, with RTs and SPLs investigated in cubic rooms. For uniformly distributed absorption coefficients, both the diffusion-Eyring model and the modified diffusion model show good agreement with the geometricalacoustic model. For nonuniformly distributed absorption coefficients, if the wall has one side open or an absorption coefficient of 1.0, the diffusion-Eyring model fails. Simulations of sound pressure levels ͑SPLs͒ in a long, flat room with an average absorption coefficient below 0.8, indicate that the diffusion-Eyring and the modified diffusion model yield very similar results being closer to those estimated by the geometrical-acoustics method.
The experimental results obtained from a scale-model flat room are discussed to further examine the modified diffusion model. Both SPL and RT distributions indicate that the diffusion equation model is capable of modeling the sound field in disproportionate rooms for the nonuniformity of sound energy density as well as the sound energy decay. Within frequency ranges where diffuse surface reflections can be achieved in the scale model, the modified diffusion model and the diffusion-Eyring model agree well with the scale-model experimental results.
The diffusion-Eyring and the modified diffusion model both exceed the diffusion-Sabine model in terms of roomacoustic prediction accuracy. The modified diffusion model provides comparable results with the diffusion-Eyring model in most cases investigated within this study. More importantly, the modified diffusion model can handle an absorption coefficient as high as 1.0, while the diffusion-Eyring model fails due to the singularity.
The discussion of the illustrative examples is limited so far to the cases where the numerical simulations and, particularly the experimental verifications, are conducted using a flat room scale model. More systematic investigations using other room types, including long room scale models, realsize rooms, and coupled spaces, are expected in the near future.
